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ABSTRACT Glutamic acid [(L-glu).] + dihydrogen phosphate systems are studied by infrared (IR) spectroscopy dried
and hydrated at 75% relative humidity, as a function of both the phosphate-glutamic acid residue (Pi/glu) ratio and the
type of cations present.
It is shown that the glutamic acid groups form hydrogen-bonded chains with the phosphates. In these chains the
positive charge fluctuates, and they show very large proton polarizability which increases in the series Li', Na+, K+
systems. These chains are cross-linked via phosphate-phosphate hydrogen bonds, in which the proton is almost localized
at one Pi.
The comparison of the (L-glu). + dihydrogen phosphate systems with the results obtained earlier in the case of
(L-glu). + hydrogen phosphate systems shows that the behavior of (L-glu). + Pi systems strongly depends on the pH.
Only with decreasing pH the conducting chains are formed.
Finally, a hypothesis is discussed with regard to the charge conduction in the Fo subunit of the H+-ATPase in
mitochondria.
INTRODUCTION
In almost all proteins glutamic and aspartic acid groups
are present. Furthermore, in many biological systems
phosphates are decisively important for the conformation
of proteins, e.g., actin (1), and for the functions of systems,
e.g., the conversion of chemical into mechanical energy
(2).
It is of particular interest that phosphates have a pKa
value in the physiological pH region (3). Hence, with
increasing pH a hydrogen bond donor group becomes an
acceptor or with decreasing pH an acceptor becomes a
hydrogen bond donor group. Thus, the behavior of such
systems should change considerably as a function of the
pH.
In preceding papers we studied (L-lys), + dihydrogen
phosphate (4) and (L-his)" + hydrogen phosphate systems
(5). In both cases the side chain phosphate hydrogen bonds
are proton transfer hydrogen bonds with large proton
polarizability (6, 7), as indicated by intense infrared (IR)
continua (8, 9). In some of these systems the residues form
with several phosphate (Pi) hydrogen-bonded chains hav-
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ing very large proton polarizability, which are suitable for
charge conduction.
In reference 10 glutamic acid [(L-glu)j] + hydrogen
phosphate systems have been studied. In all systems
COH --- OP CO- **HOP hydrogen bonds with
large proton polarizability are formed, whereby the posi-
tion of the proton transfer equilibria in these bonds
depends very sensitively on the type of cations present and
on the degree of hydration. It is, however, of particular
interest that in these systems no conducting hydrogen-
bonded chains are formed by one residue with several
hydrogen phosphates.
Here (L-glu)" + dihydrogen phosphate systems are
studied and compared with the behavior of the (L-glu)- +
hydrogen phosphate systems.
METHOD
(L-glu),, was purchased from Miles GmbH (Muinchen, FRG) with a mean
chain length of n = 275. NaH2PO4 . H20, KH2PO4, and H3PO4 were
purchased from E. Merck (Darmstadt, FRG) and Fluka (Neu-Ulm,
FRG), respectively. The LiH2PO4 solution was obtained by a potentio-
$2.00 1065
metric titration of an aqueous H3PO4 solution with LiOH
point at -pH 5.6.
The films of the polymer systems were prepared on
from 0.035 N, 2% pyridine containing aqueous solutions
the respective phosphate in the ratio desired. The prec
polymer films was performed with the centrifugation-dr
described in reference 11, whereby instead of a laboratori
ultracentrifuge was used, which improves the quality
films.
Like the IR cells described in reference 12, the cells
evacuated, permitting adjustment of a well defined humi(
by use of saturated aqueous solutions of different salts. T]
ments were performed with an IR spectrophotomete
Bodenseewerk Perkin-Elmer, Uberlingen, FRG).
RESULTS AND DISCUSSION
Fig. 1 shows the spectra of (L-glu),, + Lie-
K+-dihydrogen phosphate systems as a fun,
P1/glu residue ratio. In Fig. 2 the intensit3
continua at 1,900 cm-' is shown as a fun(
ratio.
These figures show that with increasing
intense continua arise. Fig. 2 shows that the
these continua increase in proportion to the Pi)
to a P1/glu ratio of 5:1, the highest ratio ti
studied.
This result demonstrates that the dihyd
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FIGURE 1 IR spectra of dried (L-glu),, + XH2PO4 filmE
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FIGURE 2 Absorbance of the continuum [background in the spectra of
(L-glu). + XH2PO4 minus that in the spectrum of pure (L-glu)"] at 1,900
cm-'of dried (L-glu)" + XH2PO4 systems with various cations.
ction of the phates form chains with the glu residues in which the
y of the IR charge fluctuates and shows large proton polarizabilities
ction of this due to correlated proton motion (1 3). The intensity of these
continua decreases in the series K+, Na+, Li' systems. It is
P1/glu ratio known that local fields of cations polarize H-bonds and
intensity of decrease the proton polarizability of these H-bonds, as
/glu ratio up indicated by a decrease of the intensity of the continua with
iat could be increasing electrical cation field (14). Hence, increasing
cation fields hinder the charge fluctuation within the
rogen phos- chains of hydrogen bonds. This result is confirmed in the
following by the behavior of the Pi bands. These chains are
particularly btable since the proton motion within these
chains proceeds correlated due to proton dispersion forces
(15, 16). Caused by these forces the energy is lowered and
_
- - the chains are stabilized.
X _/ With increasing Pi content, v C==O (C==O stretching
vibration) in the region 1,740-1,700 cm-' decreases only
b- - - slightly. Hence in this proton transfer equilibria the weight
1Co00 8o0 600 of the left proton-limiting structure is much higher than
wavenumber cm-1 that of the right one.
v C==O shows, however, characteristic changes as a
function of the Pi/glu ratio as well as of the cations present.
In the case of the Li' systems (Fig. 1 a) at 1,710 cm-, a
X band arises with increasing P1/glu ratio. This band is
superimposed on the bands of v C-O of the monomeric
-
-
(1,730 cm-1) and dimeric (1,710 cm- ') glu residues. It
demonstrates that the phosphate chains are bound via
1C00 00 600 strong H-bonds to C==O groups of neighboring glu side
wavenumber cm-1 chains, as shown in Scheme II.
In the case of the K+ systems the v C==O band arises at
slightly higher wave numbers, and this band is relatively
broad (Fig. 1 c). This result shows that the
-< - POH. . . O==C bonds are weaker. This is understandable
since with the K+ system the OH group of Pi is a less
>stronger donor.
The phosphate bands confirm that the charge fluctuates
1000 800 601 within these hydrogen-bonded chains. In the Pi/glu, 1:3,
wavenumber cm-1 K+ system (Fig. 1 c, solid line) only P., (antisymmetrical
s with different stretching vibration) and P, (symmetrical stretching vibra-
--), 2:1 (... ); tion) of the P-(OH)2 are observed as weak shoulders at
I, (c) K. -970 and 890 cm-', respectively. The vibrations of the
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P02 groups in which the PO bands have more double bond
character cause a broad band in the region 1,200-1,000
cm- 1, which shows only two less pronounced maxima.
With increasing Pi content all PO bands in the region melt
to one broad absorption in the region 1,200-700 cm-'. To
this absorption also contributes the vibration with v C-O
and 6 OH (bending vibration) character, found with
(L-glu)" as a band at 1,170 cm-'.
For the Li' and Na+ systems (Fig. 1, a and b), voa, and vP
of the P-(OH)2 groups are observed at 940 cm-' and at
-875 cm-, respectively. These vibrations are still found as
bands at higher Pi contents, whereas in the Li' system Vas
has been shifted a little toward higher wave numbers. With
increasing Pi content the bands of vas and vs of the PO2
group as well as the vibration with v C-O and 6 OH
character are observed as broad band complex in the
region 1,200-1,000 cm-l, which shows a maximum at
1,160 cm-'. For the Li' system a shoulder at 1,170cm- 1
is still observed probably caused by vP PO2. This character-
istic cation dependence is illustrated in the case of the
P1/glu, 2:1 systems (Fig. 3). The increase of the proton
polarizability is largest going from the Na+ to the K+
system. The most pronounced change regarding the melt-
ing of the bands occurs between the Na+ and the K+
system.
An intense 2 6 OH band (overtone of the OH bending
,O ~ H
R-C 0
OH ... O..P-OH.
:1
OX+
C-
-
A'l 0
O... HO-P-..0 -
.X+
vibration) (12, 17, 18) arises (see Fig. 1) with increasing
Pi/glu ratios at 2,420 (Li' system), 2,400 (Na+ system),
and 2,350 cm-1 (K+ system). With increasing Pi content
this band shifts slightly toward smaller wave numbers. The
respective v OH stretching vibration is found as a broad
band with maximum at 2,920 (Li+), 2,810 (Na+), and
2,720 cm-' (K+). The respective 6 OH vibration (bending
vibration) is observed (see Fig. 3) in the spectra of the 2: 1,
Pi/glu systems, at -1,280 cm-' (Li+) and at 1,300 cm-1
(Na+). In the case of the K+ systems already at a P1/glu
ratio of 2:1 this band is so strongly broadened that it can no
longer be recognized. These bands are characteristic for
phosphate-phosphate hydrogen bonds in which the proton
is localized at one Pi (12, 17, 18). Thus, these bands show
that the chains with fluctuating protons and large proton
polarizabilities are cross-linked via POH . . OP hydro-
gen bonds in which the proton is almost localized at one Pi
and shows no noticeable proton polarizability.
INFLUENCE OF HYDRATION
In Fig. 4 the spectra of the hydrated films are compared
with the dried ones. In Fig. 5 the intensity of the continua
at 1,900 cm-1 of films hydrated at 75% air humidity is
shown as a function of the Pi/glu ratio. The comparison of
Fig. 5 with Fig. 2 shows no considerable change of the
H
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FIGURE 3 IR spectra of dried (L-glU). + XH2PO4 films (Pi/glu = 2:1)
with various cations: X = Li ( ), Na (----), K (.... ).
intensity of the continuum with increasing degrees of
hydration in the region of Pi/glu ratios < 1.5:1. In the case
of higher P1/glu ratios the slope of the curves in Fig. 5
decreases, however, more and more with increasing Pi/glu
ratio. The intensity of the continua reaches a limiting value
at P1/glu ratios 4:1 to 5:1. At these P1/glu ratios the
intensity of the continua at 1,900 cm-' is considerably
smaller than in the case of the dried systems. Herewith, the
influence of the water molecules on the K+ systems is
largest. This result is understandable since the proton
polarizability of the chains is largest with the K+ systems
and therefore the interaction of the water molecules with
the polarizable chains is largest. The decrease of intensity
may have two reasons: First, the water molecules may
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FIGURE 5 Absorbance of the continuum [background in the spectra of
(L-glu). + XH2PO4 minus that in the spectrum of pure (L-glu)0] at 1,900
cm-' of (L-glu),, + XH2PO4 systems at 75% relative humidity; with
various cations.
destroy the hydrogen-bonded chains and reduce in this way
the length of the hydrogen-bonded chains. A second reason
may be the interaction of the local fields of the hydration
water molecules with the hydrogen-bonded chains with
large proton polarizability. Caused by this interaction the
charge fluctuation is hindered and hence the intensity of
the continuum and the proton polarizability of the hydro-
gen-bonded chains is reduced.
Fig. 4 shows that the band of the 2 6 OH vibration
(overtone of the bending vibration), indicating H-bonds
between the Pi of the chains in which the proton is almost
localized at one Pi, is observed with all systems at -2,400
cm-', but in the hydrated systems the intensity of this band
has already decreased strongly. This decrease is particu-
larly pronounced with the Li+ system. The P1/glu, 2:1
systems, hydrated at 75% relative air humidity are com-
pared with the respective dried samples in Fig. 6. In this
case the respective 6 OH vibration (bending vibration) at
1,280 cm-' (Li+ system) and at 1,300 cm-' (Na+ system)
vanishes with hydration. This result shows that the H-
bonds formed between the phosphate chains with fluctuat-
ing charge are broken to a large extent by the water
molecules. In Fig. 6 with the hydrated 2:1 systems, the 6
OH vibration of POH. . . OH2 bonds is observed, in the
case of the K+ system, as an intense band at 1,270 cm-'.
With the Na+ system this vibration is found as a broad
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FIGURE 4 IR spectra of (L-glu). + XH2PO4 films (Pi/glu 1:1)
thoroughly dried ( ), at 75% relative humidity of the air (----); pure
dried (L-glu),, (- -); cations present; (a) X = Li, (b) Na, (c) K.
FIGURE 6 IR spectra of (L-glu). + XH2PO4 films (Pi/glu = 2:1)
thoroughly dried ( ), at 75% relative humidity (----); cations present:
(a) X Li, (b) Na, (c) K.
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shoulder, which is slightly shifted toward smaller wave
numbers, and with the Li' system, this vibration is
observed as a very broad shoulder in the same region. All
these results taken together show that with increasing
degrees of hydration the H-bonds between the chains with
fluctuating charge are broken and water molecules are
inserted between the chains.
The result that the charge fluctuation and hence the
proton polarizability is reduced caused by the presence of
water molecules is confirmed by the behavior of the PO
bands. Fig. 6 shows that the spectral feature in the region
in which the v PO vibrations occur changes caused by
addition of water molecules. If water molecules are pres-
ent, well-defined bands of Va, PO-, Vs P0, Va P(OH)2,
and vs P-(OH)2 are observed with the Li' system at
1,155, 1,055, 940, and 970 cm-'. For the P1/glu, 2:1, K+
system the broad absorption of the dried system in the
region 1,200-700 cm-' obtains also a structure due to
hydration. Two broad absorptions are observed, one in the
region 975-1,150 cm-' and one in the region 800-975
cm- l. The first one is caused by the stretching vibrations of
the POj groups and the latter one by the stretching
vibrations of the P-(OH)2 groups.
All these changes of the PO bands due to hydration
confirm that the fluctuation of the charge in the chains
(Scheme II) is slightly hindered due to the presence of
water molecules in the systems.
SECONDARY STRUCTURE OF THE
(L-GLU),-DIHYDROGEN PHOSPHATE
SYSTEMS
Independent of the cations and the Pi/glu ratio, amide A is
found as a relatively narrow band at 3,290 cm-'. Amide I
is found at 1,651 and amide II at 1,547 cm-'. Both bands
are also relatively narrow. Thus, (L-glu)" is present as
a-helix (19, 20). With hydration these bands do not
change. Also in the hydrated systems (L-glu),, remains
a-helical. Hence, the presence of dihydrogen phosphate
stabilizes the a-helical structure.
HYPOTHESIS WITH REGARD TO PROTON
CONDUCTION IN H+-ATPase
Finally, our results with the (L-glu),, + dihydrogen phos-
phate systems suggest the following hypothesis: The Fo
subunit of the H+-ATPase in mitochondria is the part of
the enzyme that conducts positive charge from the inside of
the membrane to the catalytic F1 subunit (21). Besides
other protein molecules, Fo contains at least six identical,
small protein molecules (8 kD, dicyclohexylcarbodiimid
binding protein) that are of particular importance for
charge conduction (22). It was shown that in these small
protein molecules one glutamic acid residue is present in
position 58, and this residue is essential for charge conduc-
tion (23). With regard to our results with the (L-glu),, +
dihydrogen phosphate systems it seems that it is not
impossible that the glu residue of the 8-kD proteins in Fo
form a charge conducting chain with dihydrogen phos-
phates. Of course, besides such bonds other hydrogen
bonds with large proton polarizability between side chains
(20) may be of significance for the charge conduction of Fo
(21).
CONCLUSIONS
The behavior of the (L-glu),, + dihydrogen phosphate
systems is completely different compared with the
(L-glu)" + hydrogen phosphate systems. In the latter
systems only COH . OP CO- * * *HOP bonds with
large proton polarizability are formed (10). For the
(L-glu)" + dihydrogen phosphate systems the glutamic
acid groups form chains with at least five phosphates
(Scheme II). Within these chains the charge fluctuates
and they show very large proton polarizability. The charge
fluctuation and, hence, the proton polarizability of the
chains increases in the series Li", Na+, K+ system. All
these results are obtained from the intensity of the IR
continua as well as from the behavior of the Pi bands as a
function of the Pi/glu ratios.
Similar results are obtained with (L-asp)" + dihydrogen
phosphate systems. But with the evaluation of the spectra
the difficulty arises that no films of pure (L-asp)" can be
prepared and that the complete formation of the H-bonds
is sometimes hindered by sterical reasons.
The comparison of the dihydrogen phosphate with the
hydrogen phosphate systems (reference 10) shows that the
behavior of (L-glu)" + phosphate systems strongly changes
as a function of the pH. With decreasing pH the glu
residues form with Pi hydrogen-bonded chains having large
proton polarizability. Thus, the behavior of such systems
can be controlled by the pH. In addition the charge
fluctuation within these chains can be controlled by the
cations present.
We thank the Deutsche Forschungsgemeinschaft and the Funds of the
German Chemical Industry for providing the facilities for this work.
Receivedfor publication 6 May 1987 and infinalform 25 August 1987.
REFERENCES
1. Korn, E. D. 1982. Actin polymerization and its regulation by proteins
from nonmuscle cells. Physiol. Rev. 62:672-737.
2. Mannherz, H. G., and K. Ch. Holmes. 1983. The molecular physiol-
ogy of contractivity and motility. In Biophysics. W. Hoppe, W.
Lohmann, H. Markl, and H. Ziegler, editors. Springer-Verlag,
Berlin. 566-640.
3. George, G., and R. J. Rutman. 1960. The high energy phosphate
bond concept. In Progress of Biophysics. Vol. 10. J. A. V. Butler
and B. Katz, editors. Pergamon Press, London. 2-53.
4. Burget, U., and G. Zundel. 1986. Lysine-phosphate hydrogen bonds
and hydrogen-bonded chains with large proton polarizability and
charge shifts due to electrical fields: IR investigations. J. Mol.
Struct. 145:93-109.
5. Burget, U., and G. Zundel. 1987. Proton polarizability and proton
transfer in histidine-phosphate hydrogen bonds as a function of the
cations present: IR investigation. Biopolymers. 26:95-108.
BURGET AND ZUNDEL Glutamic Acid-Dihydrogen Phosphate Systems 1069
6. Weidemann, E. G., and G. Zundel. 1970. Field-dependent mecha-
nism of anomalous proton conductivity and the polarizability of
hydrogen bonds with tunneling proton. Z. Naturforsch. Sect. C.
Phys. Sci. 25a:627-634.
7. Janoschek, R., E. G. Weidemann, H. Pfeiffer, and G. Zundel. 1972.
Extremely high polarizability of hydrogen bonds. J. Am. Chem.
Soc. 94:2387-2396.
8. Zundel, G. 1976. Easily polarizable hydrogen bond: their interactions
with the environment. IR continuum and anomalous large proton
polarizability. In The Hydrogen Bonds. Recent Developments in
Theory and Experiments. Vol. II. P. Schuster, G. Zundel, and C.
Sandorfy, editors. North Holland Publishing Co., Amsterdam.
681-766.
9. Zundel, G., and J. Fritsch. 1986. Interactions in and structures of
ionic solutions and polyelectrolytes. In The Chemical Physics of
Solvation. Vol. II. R. R. Dogonadze, E. Kalman, A. A. Kornyshev,
and J. Ulstrup, editors. Elsevier North-Holland Amsterdam. 21-
96.
10. Burget, U., and G. Zundel. 1987. Glutamic acid-hydrogen phosphate
hydrogen bonds: proton polarizability and proton transfer as a
function of the cations present. IR investigations. J. Faraday
Trans. I. 84.
11. Hofmann, K. P., and G. Zundel. 1971. Quantitative spectroscopy:
reproducible production of thin layers on supports from solutions.
Rev. Sci. Instrum. 42:1726-1727.
12. Zundel, G. 1969. Hydration and Intermolecular Interaction. Aca-
demic Press, Inc., New York.
13. Fritsch, J., G. Zundel, A. Hayd, and M. Maurer. 1984. Proton
polarizability of hydrogen-bonded chains: an ab initio SCF calcu-
lation with a model related to the conducting system in bacterio-
rhodopsin. Chem. Phys. Lett. 107:65-69.
14. Schi6berg, D., and G. Zundel. 1976. The influence of neutral salts on
the easily polarizable hydrogen bond of H5O2 groupings in acid
solutions. Can. J. Chem. 54:2193-2200.
15. Weidemann, E. G., and G. Zundel. 1967. Protonen-Dispersions-
krafte und IR-Kontinuumsabsorption bei Saure- und Lau-
gelosungen. Z. Physik. 198:288-303.
16. Weidemann, E. G. 1976. Model studies of proton correlations in
hydrogen bonds. In The Hydrogen Bond. Recent Developments in
Theory and Experiments. Vol. I. P. Schuster, G. Zundel, and C.
Sandorfy, editors. North Holland Publishing Co., Amsterdam.
245-294.
17. Hadzi, D., and N. Kobilarov. 1966. Hydrogen bonding in some
adducts of oxygen bases with acids. Part II. Infrared spectra of
liquid adducts of carboxylic acids with sulfonoxides, phosphine
oxides and other bases. J. Chem. Soc. A. 439-445.
18. Steger, E., and K. Herzog. 1964. Infrarot- and Ramanspektren von
Phosphatlosungen. Z. Anorg. Allg. Chem. 331:169-182.
19. Chirgadze, Yu. N., E. V. Brazhnikov, and N. A. Nevskaya. 1976.
Intramolecular distortion of the a-helical structure of polypeptides.
J. Mol. Biol. 102:781-792.
20. Zundel, G. 1983. Polar interactions, hydration, proton conduction
and conformation of biological systems: infrared results. In Bio-
physics. W. Hoppe, W. Lohmann, H. Markl, and H. Ziegler,
editors. Springer-Verlag, Berlin. 566-640.
21. Papa, S., F. Guerrieri, F. Zanotti, and R. Scarfo. 1984. Proton
translocation in the Fo sector of the H+-ATP synthase of mitochon-
dria in H+-ATPase (ATP synthase): structure, function, biogene-
sis. The Fo F, complex of coupling membranes. S. Papa, K.
Altendorf, L. Ernster, and L. Packer, editors. Adriatica Editrice,
Bari. 233-246.
22. Sebald, W., and G. Wild. 1979. Mitochondrial ATPase complex
from neurospera cyassa. Methods Enzymol. 55:344-351.
23. Hoppe, J., and W. Sebald. 1981. An essential carboxyl group for H'
conduction in the proteolipid subunit of ATP-synthase In Chem-
iosmotic Proton Circuits in Biological Membranes. V. P. Shu-
lacher and P. Hinkle, editors. Addison Wesley Publishing Co.,
Reading, MA. 449-458.
1070 BIOPHYSICAL JOURNAL VOLUME 52 1987
